Nitrate reductase (NR) is an enzymatic source of nitric oxide (NO) in plants, and it needs Mo for the Mo-cofactor to be activated. Because NR-deficient mutants are not always available in some species, a cheap and simple pharmacological application of tungstate, which substitutes for Mo in the Mo-cofactor as a competitive antagonist, is widely used as a NR inhibitor in plant NO research. However, evidence indicates that tungstate not only inactivates NR but also inhibits other molybdate-dependent enzymes in plants. In addition, a number of investigations have shown that tungstate also inhibits root growth, affects cortical microtubule formation, and induces programmed cell death (PCD) in plants, just like other heavy metals do. Therefore, tungstate has been shown to exert many other effects that are not connected with the inhibition of NR activity. The origin and mechanism of using tungstate as a NR inhibitor in plants is reviewed here and the progress regarding tungstate toxicity to plants and the possible problems involved in using tungstate as a NR inhibitor in plant NO research are analysed. In summary, the use of tungstate as a NR inhibitor in plant NO research must be treated with caution, keeping in mind that it is not completely specific. It is necessary to search for more NR-deficient mutants and new, specific NR inhibitors. A combination of pharmacological and biochemical analysis with a genetic approach will be necessary in order to investigate the roles of NO in plants.
Nitrate reductase (NR) works as a major enzymatic source of NO production in plants
Since the first discovery in 1998 that the gaseous signalling molecule nitric oxide (NO) plays a role in plants (Delledonne et al., 1998; Durner et al., 1998) , its functions in plant development and metabolism and in physiological and biochemical responses have been extensively studied (Durner and Klessig, 1999; Crawford and Guo, 2005; Wilson et al., 2008) . Processes that were found to be modulated by NO include seed germination, root development, vascular differentiation, flowering, respiration, stomatal closure, and adaptive responses to biotic and abiotic stresses (Neill et al., 2008; Xiong et al., 2010; Gupta et al., 2011) . However, although studies concerning the regulating roles of NO signalling are well-advanced in plants, there are still fundamental questions concerning the mechanisms underlying NO biosynthesis that need to be answered (Wilson et al., 2008) .
In animals, NO is synthesized by the enzyme nitric oxide synthase (NOS; EC 1.14.13.39). Three NOS isoforms have been described in animals: the constitutive neuronal NOS (nNOS), endothelial NOS (eNOS), and the inducible NOS (iNOS) (Alderton et al., 2001) . NOS catalyses the formation of NO and citrulline from arginine oxidation that requires O 2 as a co-substrate and NADPH as an electron donor (Palmer et al., 1987) . In plants, a NOS-like enzyme activity and nitrate reductase (NR; EC 1.6.6.1) are supposed to be the two major enzymatic sources of NO production (Yamasaki et al., 1999; Neill et al., 2008; Corpas et al., 2009) . Even though the enzymatic basis of arginine-derived NO synthesis remains a matter of debate, it has been inferred from measurements of NOS activity in several plant extracts and by the inhibition of NO production using mammalian NOS inhibitors (Foresi et al., 2010) . However, the search for a plant NOS has only encountered debate and ongoing investigation (Gas et al., 2009) . There was concern about the identification of NOS1, an Arabidopsis thaliana protein with an atypical NOS activity, with regard to the NO-producing activity that caused the protein to be renamed to NO-associated 1 (Guo et al., 2003; Guo and Crawford, 2005; Crawford et al., 2006; Zemojtel et al., 2006) . Recently, the sequences of two L-arginine-dependent NOS enzymes were characterized from two green algal species of the genus Ostreococcus that belong to the plant kingdom (Foresi et al., 2010) . This work provides compelling evidence for the existence of a plant NOS enzyme (Eckardt, 2010) .
Compared with NOS-dependent NO formation in plants, NR-dependent NO formation is the best-characterized NO source in plants . NR is a central enzyme of nitrogen assimilation in plants, located primarily in the cytosol of root epidermal cells, root cortical cells, and shoot mesophyll cells, although the existence of a plasma membrane-bound analogue has also been reported (Stöhr and Ullrich, 2002) . NR is usually a homodimer or a homotetramer, each monomer being composed of a polypeptide ;100 kDa containing the co-factors flavin adenine dinucleotide (FAD), haem-Fe, and molybdenum-molybdopterin (MoMpt). Two structurally flexible 'hinge' regions on both sides of the haem-Fe domain connect it with Mo-Mpt (hinge 1) and with the FAD domain (hinge 2) (Campbell, 1999; Kaiser et al., 2011) (Fig. 1A) . NR in higher plants is proposed to be a homodimer with two identical subunits joined and held together on the dimer interface domain of Mo-Mpt, and the structure of Mo-MPT has been well described (Hoff et al., 1992) (Fig. 1B, C) . Plant NR not only catalyses the NAD(P)H-dependent two-electron reduction of nitrate (+5) to nitrite (+3) but also catalyses the NAD(P)H-dependent reduction of nitrite to NO (Fig. 1A) . The NO-generating capacity of NR has been demonstrated both in vitro and in vivo Bethke et al., 2004) . However, the in vivo activity of NR involved in NO formation is estimated to constitute only ;1% of the activity involved in nitrite formation under normal growth conditions in plants . Despite this, NR is a crucial enzymatic source of NO production in plants, as demonstrated by NR-deficent nia double knock-out mutants (Morot-Gaudry-Talarmain et al., 2002; Gupta et al., 2011) .
Tungstate, a non-specific NR inhibitor, has been widely used as a specific NR inhibitor in plant NO research NR-deficient mutants are used to investigate the roles of NR-derived NO. However, NR mutants are not always available and the mutant is usually different from the wild type in many other respects. For instance, tobacco NR mutants and the wild type (WT) often show differences in sugar and amino acid concentrations or in inorganic cation and anion concentrations . In NRdeficient mutants of barley, a low NR activity always coincides with an enhanced nitrite reductase activity (Warner, 1981) . In order to distinguish the major enzymatic source of NO formation or to demonstrate the roles of NRderived NO in plants, many investigators have used the pharmacological application of NR inhibitors such as tungstate in their researches. Thanks to the simple application and cheap price, tungstate has been used more and more widely as a NR inhibitor in plant NO researches in recent years (Xiong et al., 2009; Cantrel et al., 2010; Chen et al., 2010; Freschi et al., 2010; Negi et al., 2010) . In some researches, tungstate has even been used as a specific or common NR inhibitor (Shankar and Srivastava, 1997; Bouchard and Yamasaki, 2008; Xu et al., 2009) . In both oxoanions the metal atoms are at the centre of a tetrahedron of oxygen atoms. They have the same structures and similar sizes ( Fig. 2A) , so tungstate can compete with molybdate for incorporation into the enzyme complex and results in the inactivation of molybdatedependent enzymes (Hille, 2002) (Fig. 2B ). Elevated amounts of W were shown to inhibit the activity of molybdoenzymes by replacing Mo as the ligand of MPY (Zimmer and Mendel, 1999; Mendel and Hänsch, 2002; Mendel, 2005 Mendel, , 2007 . In fact, it has been demonstrated that tungstate as a molybdate analogue not only inactivates NR but also deregulates the expression of the NR structural gene (Deng et al., 1989) .
Using tungstate as a NR inhibitor has undoubtedly promoted research into the roles of NO in plants. However, as knowledge of tungstate increases, it has been shown to inhibit the activities of other molybdoenzymes as well. More than 40 molybdoenzymes are described in nature and four molybdoenzymes occur in higher plants: sulphite oxidase (SO; EC 1.8.3.1), NR, xanthine dehydrogenase (XDH; EC 1.2.1.37), and aldehyde oxidase (AO; EC 1.2.3.1) (Zimmer and Mendel, 1999; Mendel and Hänsch, 2002; Mendel, 2005 Mendel, , 2007 . The structures of these four molybdoenzymes have been compared systematically in several reviews (Mendel and Hänsch, 2002; Mendel, 2005 Mendel, , 2007 Schwarz et al., 2009) . Many investigators have demonstrated that tungstate could substitute for molybdate and so be an inhibitor of molybdoenzymes in many plants (Table 1 ). All these findings indicate that tungstate is a non-specific inhibitor of NR.
The effects of tungstate on endogenous NO in plants have been reported infrequently and these results are inconsistent
Although tungstate has been widely used as a NR inhibitor, only a few studies have directly monitored the changes of endogenous NO content in plants undergoing tungstate treatment. Furthermore, the results of these studies are inconsistent with each other. Some results show that tungstate treatment has no effect on NO concentrations in rice crown root (Xiong et al., 2009) and white lupin cluster roots (Wang et al., 2010) . Tungstate treatment also has no obvious effect on endogenous NO content in the roots of Hibiscus mosheutos . By contrast, tungstate treatment substantially suppressed the accumulation of NO in iron-deficient roots to almost the same extent as the NO scavenger cPTIO in tomato (Graziano and Lamattina, 2007) . The application of tungstate decreased the NO levels in primary roots and lateral roots of A. thaliana, and NR is regarded as a major enzyme source of NO production (Kolbert et al., 2010) . It is known that there are at least seven different pathways producing NO that exist in plants, depending on the criteria used to define them (Gupta et al., 2011) . It is possible that tungstate affects other NO production pathways besides inhibiting NR activity. The present limited findings have demonstrated that heavy metals affect the NO content in plants (Xiong et al., 2010) . In fact, as a heavy metal, there is a possibility that tungstate affects NOS activity or other non-enzymatic NO production pathways to regulate the NO content in plants. So, further studies are still required to confirm the effects of tungstate application on NO content in plants.
Increasing studies show that tungstate is also toxic to plants similar to other heavy metals besides inactivating molybdoenzymes W is an exotic heavy metal well known for its wide uses in alloy steels and electric light filaments. The biological 
Solanum lycopersicum
Substantially suppressed NO accumulation in iron-deficient roots, completely blocked the expression of FER, LeFRO1, and LelRT1 genes.
NR-derived NO is a necessary molecule for the expression of at least three iron-uptake-related genes in roots during iron deprivation.
Graziano and Lamattina, 2007
NR inhibitor (0.1 mM)
Hibiscus moscheutos
Inhibited root elongation but had on effects on NO content.
Reduction of the NO content requires extended periods of exposure to tungstate. Unkown mechanism may account for the discrepancies between NO content and root elongation.
Tian et al., 2007
Zea mays
Inhibited root elongation in both low-and high-nitrate solution, induced a greater increase in NO levels in low-nitrate solution than in high-nitrate solution.
NR-mediated NO production is unlikely to be involved in the nitrate-dependent NO production and root elongation.
Zhao et al., 2007 NR inhibitor (2 mM)

Symbiodinium microadriaticum
Decreased NO content significantly. NR plays a role in heat-induced NO generation.
Bouchard and Yamasaki, 2008 NR inhibitor (1 mM)
Arabidopsis thaliana
Slightly decreased LR number and elongation, had no effect on the transient NO production but inhibited the later phase of NO accumulation Early NO generation does not involve in either NR or NOS-like activity, while the later NO accumulation is mediated by an NR-associated pathway. importance of W has been excellently demonstrated in the last decade due to the isolation of a number of W-containing enzymes from hyperthermophilic archaea (Johnson et al., 1996; Lvov et al., 2002; Koutsospyros et al., 2006) . Recently, researches reported that W was essential for the genesis of life on earth (Stiefel, 2002) . Although W is present in specific enzyme systems, it is not considered an essential element for living organisms and is certainly not a common trace component of microbiological, cell-culture or aquaculture media (Strigul et al., 2005) . High concentrations of W is increasingly shown to be toxic to various organisms, including plants (Adamakis et al., 2008 (Adamakis et al., , 2010a (Adamakis et al., , b, 2011 , although some articles report a beneficial effect of low concentration of tungstate on crop plants (Kletzin and Adams, 1996) . It is almost certainly possible that the toxic effects of tungstate are dosedependent. In addition, the toxic effects of tungstate are also connected with the time of exposure. A thorough review on W concentrations toxic to plants has been published (Gough et al., 1979) . The metabolism of W in plants has been studied almost exclusively with reference to its effect on molybdoenzymes, and very few studies have been conducted to determine the effects of W on the growth of plants or to examine the adaptation mechanisms in plants growing on W-rich medium (Jiang et al., 2004) . Compared with other heavy metals, tungstate toxicity to plants is far from clearly understood (Hansen and Grossmann, 2000; Hille, 2002; Jiang et al., 2007) and data on the toxic effects and mechanisms of tungstate on plant growth and ultrastructure, especially at the cellular and molecular levels, are still not abundant. Most recent reports on the toxicity of tungstate in plants are from Adamakis et al., who have done excellent work in this field (Adamakis et al., 2008 (Adamakis et al., , 2010a .
In summary, besides inducing the inactivation of molybdoenzymes, tungstate inhibits root growth, affects cortical microtubules, and induces PCD in plants just like other heavy metals do.
Possible problems involved in using tungstate as a specific NR inhibitor in plant NO research
The above analyses show that tungstate is a non-specific inhibitor of NR activity; it also inhibits the activities of other molybdoenzymes such as AO, XDH, and SO in plants. In addition, the heavy metal toxicity of tungstate also affects the growth and development of plants in doseand time-dependent ways. In order to emphasize that tungstate should be used with caution as a NR inhibitor; a scheme of the possible toxic mechanisms of tungstate in plants is provided in Fig. 3 . The possible problems involved in using tungstate in plant NO research are also discussed as follows.
(1) Is it credible to use tungstate as a specific NR inhibitor in investigating the roles of NR-derived NO in plant root initiation and development?
Plenty of studies demonstrate that NO plays a significant role in mediating root growth and development (Pagnussat et al., 2002 (Pagnussat et al., , 2003 Correa-Aragunde et al., 2004; Lombardo et al., 2006; Tian et al., 2007; Zhao et al., 2007) . In addition, NO has been shown to be a messenger inducing adventitious root initiation in cucumber and rice (Pagnussat et al., 2002 (Pagnussat et al., , 2004 Xiong et al., 2009) . Tungstate is usually used as a NR inhibitor in order to investigate the roles of NRderived NO in plant root initiation and development. Some studies have suggested that tungstate inhibits root growth and development by decreasing the endogenous NO content (Kolbert et al., 2010) . However, many other studies have shown that tungstate inhibited plant root growth and development by affecting other plant features (Adamakis et al., 2008 (Adamakis et al., , 2010a (Adamakis et al., , b, 2011 Xiong et al., 2009) . It is hard to distinguish the response mechanism to tungstate-induced inhibition on plant root initiation and development whether by affecting the NO level or by 'side-effect' toxicity or by both. Furthermore, it has been proposed that tungstate may Tungstate is not a specific nitrate reductase inhibitor | 37 affect other NO production pathways besides inhibiting NR activity. Therefore, it is impossible to use tungstate as a specific NR inhibitor to investigate the roles of NRderived NO in plant root initiation and development.
(2) Is it enough to use tungstate as a specific NR inhibitor only in studies on the signalling network between ABA, NO, H 2 O 2 , and stomatal closure?
NO and H 2 O 2 have been demonstrated as essential components of the complex signalling network inducing stomatal closure in response to the phytohormone ABA. A close interrelationship exists between ABA and the spatial and temporal production and action of both NO and H 2 O 2 in guard cells (Neill et al., 2008) . Physiological and genetic data reveal that, in A. thaliana guard cells, ABA-mediated NO generation is dependent on ABA-induced H 2 O 2 production. In this study, tungstate inhibition of the NO-generating enzyme NR attenuated NO production in response to nitrite in vitro and in response to H 2 O 2 and ABA in vivo (Bright et al., 2006) . However, tungstate is also an inhibitor of AO which is involved in the biosynthesis of ABA and, therefore, the ABA content will be also affected. In addition, as a heavy metal, tungstate treatment affects the H 2 O 2 content in plants. In other words, there is the possibility that tungstate treatment has different effects on the contents of ABA, NO, and H 2 O 2 in plants at the same time. It is therefore hard to determine the linear relationships between these three molecules and it is not enough to investigate the regulating relationships among ABA, NO, H 2 O 2 , and stomatal closure only by pharmacological analysis with tungstate as a NR inhibitor. It is more suitable to investigate the spatial and temporal production of these three signalling molecules by investigating the interrelationships among them by combining a pharmacological and biochemical analysis with a genetic approach (Bright et al., 2006) .
(3) Are the effects of tungstate on the other three molybdoenzymes negligible when used as a specific NR inhibitor in plants?
XDH and AO are thought to play important metabolic roles in purine metabolism and ABA biosynthesis, respectively. Plant XDH and AO are also possible novel sources for ROS increase during water stress (Yesbergenova et al., 2005) . SO catalyses the transformation of sulphites to the non-toxic sulphate in plants (Brychkova et al., 2007) . SO is also capable of producing hydrogen peroxide, its function might also be connected to reactive oxygen metabolism (Mendel, 2007) . The inhibition of tungstate on XDH, AO, and SO have been convincingly demonstrated as many investigators have used tungstate as an inhibitor of XDH, AO, and SO in different plants and microorganisms (Pérez-Vicente et al., 1988; Hansen and Grossmann, 2000; Seo and Koshiba, 2002; Yesbergenova et al., 2005) . For these reason, it is clear that tungstate might also affect purine and sulphur metabolism, ABA biosynthesis, and ROS contents when used as a specific NR inhibitor in plant NO research. Furthermore, there is cross-talk among ABA, NO, and H 2 O 2 in regulating many plant physiological processes. Therefore, the effects of tungstate on the other three molybdoenzymes are not negligible when used as a specific NR inhibitor in plants.
Conclusion and prospects
This work presents an opinion that tungstate is a nonspecific inhibitor of NR in plants as it also inhibits three other molybdate-dependent enzymes and affects significant physiological evens in various plants. In addition, tungstate is toxic to plants in a similar way to other heavy metals, although some of the negative effects of tungstate on plants are still unknown. Tungstate is shown to have many other effects, not connected with the inhibition of NR activity. For these reasons, it is important to use tungstate as a NR inhibitor in plant NO research with caution, keeping in mind that it is not completely specific. When tungstate is used as a NR inhibitor, it is necessary to monitor the realtime changes of endogenous NO content with NO-specific fluorescent probes or electrodes in plant tissues. There are also a number of open questions. What is the most suitable concentration and duration in using tungstate as a NR inhibitor in different plants? What additional physiological and biochemical reactions are affected by the heavy metal toxicity of tungstate? What are the effects of tungstate on other NO synthesis pathways? What are the effects of the other three molybdoenzymes on endogenous NO content in plants? What are the interrelationships among ABA, NO, and H 2 O 2 under tungstate treatment in various plants? In addition, it is necessary to search for more NR-deficient mutants and new, specific, NR inhibitors. In future, a combination of pharmacological and biochemical analysis with a genetic approach will be necessary to investigate the roles of NO in plants.
